Within the Ca v 1 family of voltage-gated calcium channels, Ca v 1.2 and Ca v 1.3 channels are the predominant subtypes in the brain. Whereas specific functions for each subtype were described in the adult brain, their role in brain development is poorly understood. Here we assess the role of Ca v 1.3 subunits in the activity-dependent development of the auditory brainstem. We used Ca v 1.3-deficient (Ca v 1.3 Ϫ/Ϫ ) mice because these mice lack cochlea-driven activity that deprives the auditory centers from peripheral input. We found a drastically reduced volume in all auditory brainstem centers (range 25-59%, total 35%), which was manifest before hearing onset. A reduction was not obvious outside the auditory system. The lateral superior olive (LSO) was strikingly malformed in Ca v 1.3 Ϫ/Ϫ mice and had fewer neurons (1/3 less). The remaining LSO neurons displayed normal dendritic trees and received functional glutamatergic input, yet they fired action potentials predominantly with a multiple pattern upon depolarization, in contrast to the single firing pattern prevalent in controls. The latter finding appears to be due to a reduction of dendrototoxin-sensitive potassium conductances, presumably mediated through the K v 1.2 subtype. Fura2 imaging provided evidence for functional Ca v 1.3 channels in the LSO of wild-type mice. Our results imply that Ca v 1.3 channels are indispensable for the development of the central auditory system. We propose that the unique LSO phenotype in Ca v 1.3 Ϫ/Ϫ mice, which hitherto was not described in other hereditary deafness models, is caused by the synergistic contribution of two factors: on-site loss of Ca v 1.3 channels in the neurons plus lack of peripheral input.
Introduction
Neurons express multiple types of voltage-gated calcium channels (VGCCs), each with specific electrophysiological properties and functional roles. Ten genes encode the pore-forming ␣1 subunits, whose homologies divide the VGCCs into three families (Ca v 1.1-1.4, Ca v 2.1-2.3, Ca v 3.1-3.3) (Catterall et al., 2005) .
Within the Ca v 1 calcium channel family (alias L-type Ca 2ϩ channels), Ca v 1.2 and Ca v 1.3 channels are the predominant isoforms in the brain (Sinnegger-Brauns et al., 2009) , where they display an overlapping expression pattern. Although a presynaptic location cannot be excluded (Tippens et al., 2008; Leitch et al., 2009) , they have been localized predominantly to the somatic and dendritic compartments (Hell et al., 1993; Lima and Marrion, 2007; Sukiasyan et al., 2009 ). Here, they mediate persistent Ca 2ϩ influx, sustain plateau potentials, and support pacemaking (Puopolo et al., 2007; Guzman et al., 2009) . They also amplify input signals and activate biochemical pathways that involve changes in gene expression and ultimately lead to long-term alterations in neuronal function (for review, see Weick et al., 2005) .
In the peripheral auditory system, Ca v 1.3 channels govern vesicle fusion and subsequent neurotransmitter release from cochlear inner hair cells (IHCs) onto afferent auditory nerve fibers (Platzer et al., 2000; Brandt et al., 2003) . Cochlear hair cells of Ca v 1.3 subunit-deficient (Ca v 1.3 Ϫ/Ϫ ) mice display a complex developmental failure and degenerate after postnatal day (P) 15 (Beutner and Moser, 2001; Michna et al., 2003; Glueckert et al., 2003; Nemzou et al., 2006) , emphasizing the crucial importance of this channel isoform for normal hair cell development. Ca v 1.3 channels are functional in the IHCs already in neonatal mice, thus long before hearing onset and at times when spontaneous activity in the cochlea (Kros et al., 1998; Beutner and Moser, 2001 ) drives the synaptic activity in the subsequent auditory pathway . Spontaneous neuronal activity patterns appear to be a prerequisite for neuron survival and the generation of orderly connections in the auditory (Friauf and Lohmann, 1999; Kandler and Gillespie, 2005; Kandler et al., 2009 ) and other systems [e.g., visual: Cang et al. (2005) , Huberman et al. (2008) ; somatosensory: Khazipov et al. (2004) ; hippocampus: Khazipov et al. (2001) ; cerebral cortex: Khazipov and Luhmann (2006) ]. The nature and functional role of these early activity patterns are therefore of central interest in neuroscience.
To address the role of L-type VGCCs in circuit formation and to specifically tackle Ca v 1.3 channels, we here used Ca v 1.3 Ϫ/Ϫ mice and analyzed the development of their auditory brainstem centers morphologically and physiologically. Emphasis was laid on the lateral superior olive (LSO), a small, yet conspicuous relay center in the medullary brainstem that holds a key position in the sound localization process (Caird and Klinke, 1983; Sanes, 1990; Grothe et al., 2010) . Our data demonstrate developmental aberrances in the Ca v 1.3 Ϫ/Ϫ brainstem in general, yet to a disproportionately high degree in the auditory relay centers. The most striking malformation occurred in the Ca v 1.3 Ϫ/Ϫ LSO, which lost its characteristic U shape and ϳ1/3 of its neurons. As this phenotype differs from that seen in other hereditary deafness models (Webster, 1985; Youssoufian et al., 2008) , our results imply that both peripheral and central sources contribute to the defects, consistent with the observation that functional Ca v 1.3 channels are present in LSO neurons.
Materials and Methods
Animals. Experiments were performed on wild-type (WT) mice and Ca v 1.3 Ϫ/Ϫ mice that lack the Ca v 1.3 ␣ 1 subunit of L-type VGCCs (Platzer et al., 2000) . Both genotypes were bred on a C57BL/6N background and animals of both genders were used. Their treatment was in accordance with the German law for conducting animal experiments and followed the NIH guide for the care and use of laboratory animals.
Immunohistochemistry. Deeply anesthetized mice (700 mg chloral hydrate per kg body weight, i.p.) were transcardially perfused with 15 mM PBS (pH 7.4), followed by Zamboni's solution (2% paraformaldehyde, 15% picric acid in 150 mM phosphate buffer). Brains were postfixed in Zamboni's solution overnight and then incubated in 30% sucrose/PBS for cryoprotection for at least 24 h. Thereafter, 30-m-thick coronal sections were cut through the brainstem with an HM 400R sliding microtome (Microm), collected in 15% sucrose/PBS, rinsed in PBS, and blocked for 1 h in 3% bovine serum albumin, 10% goat serum, and 0.3% Triton X-100 in TRIS-buffered saline, pH 7.4. The rabbit-anti-VGLUT1 antibody, a generous gift by Dr. S. El Mestikawy (Inserm U513, Créteil Cedex, France), was diluted 1:1000. The mouse-anti-calbindin-D 28k antibody (Sigma-Aldrich) was diluted 1:5000. The mouse-anti-Kv1.1 and mouse-anti-Kv1.2 antibodies (NeuroMab, UC Davis/NIH NeuroMab Facility, Davis, CA) were diluted 1:500. Antisera were added to the blocking solution and sections were incubated for 20 h at 8°C. After three rinses in PBS, sections were transferred into TRIS-buffered saline with 0.3% Triton X-100, 1% bovine serum albumin, and 1% goat serum. In here, they were incubated for 1.5 h at room temperature with the secondary antibodies, goat-anti-rabbit or goat-anti-mouse, both conjugated to Alexa Fluor 488 and diluted 1:1000 (Invitrogen). After four rinsing steps, the sections were mounted and air dried. Home-made mounting medium that included anti-fading substances was used to cover the sections. Images were taken on an LSM 510 confocal microscope (Zeiss) equipped with an argon laser (488 nm) and appropriate excitation and emission filters (488 nm excitation, filter BP 505-550). A Plan-Neofluar 10ϫ/0.3 objective (Zeiss) was used, and pinhole settings were chosen to achieve optical sections of Ͻ12 m thickness. Images were further processed with Zeiss LSM Image browser software 2.80 (Zeiss) and ImageJ 1.34 s (NIH). K v 1.1 and K v 1.2 immunoreactivity was visualized by DAB labeling as described earlier . Photomicrographs of DABlabeled specimens were obtained with an Axioskop 2 microscope (Zeiss) equipped with a CCD camera (DP-20, Olympus).
Nissl staining. Coronal sections of the brainstem were obtained from perfusion-fixed brains (4% paraformaldehyde in 150 mM phosphate buffer) or from unfixed brains that had been rapidly frozen in liquid isopentan (AppliChem) immediately after decapitation. Thirtymicrometer-thick sections were cut on a sliding microtome or a CM3000 cryostat (Leica). Slide-mounted sections were defatted overnight in a chloroform/ethanol solution (1:2) followed by 100% ethanol for 1 h. Hydration was performed in a descending ethanol series, ending in Aqua dest. After Nissl staining for 1 min in thionin solution, sections were dehydrated in an ascending ethanol series and xylene before coverslips were mounted with entellan (Merck). Photomicrographs of Nissl-stained sections were obtained with an Axioskop 2 microscope (Zeiss) equipped with a CCD camera (FView or DP-20, Olympus), using cell-F 3.0 (Olympus) and ImageJ for analysis. The volumes of the brainstem, of the nuclei of the lateral lemniscus, and of the inferior colliculus were determined from section overviews obtained with a Nikon Super Coolscan 9000 slide scanner. The brainstem was defined as the region between the caudally located nucleus ambiguus and the rostrally located Nucleus ruber, excluding the cerebellum. Volumes were calculated by multiplying the outlined area with the thickness of each section (30 m). Images of whole perfusion-fixed brains were obtained using a stereoscope (SZX7, Olympus with DP-20 CCD camera), and ImageJ was used for analysis.
Electrophysiology. Patch-clamp recordings in the whole-cell configuration were performed at room temperature on LSO neurons in acutely isolated brainstem slices. Animals at P3 Ϯ 1, P12 Ϯ 1, and P19 Ϯ 1 (taking the day of birth as P0) were decapitated and their brains were quickly removed. Coronal brainstem slices containing the superior olivary complex (SOC) (270 -300 m thick, 1-2 slices per animal) were vibrocut (VT1000 or VT1200 S, Leica) in ice-cold solution (for composition, see Table 1 ) and stored at 37°C for 1 h in artificial CSF (ACSF) ( Table 1) . Thereafter, they were stored at room temperature before being transferred into a recording chamber in which they were continually superfused with ACSF. The chamber was mounted on an upright microscope (Eclipse E600FN, Nikon) equipped with differential interference contrast optics (Nikon objectives: 4t CFI Achromat, 0.1 NA; 60ϫ CFI Fluor W, 1.0 NA) and an infrared video camera system (CCD camera C5405-01, Hamamatsu; or CCD camera VX45, PCO computer optics; PC frame grabber card, pciGrabber-4plus, PHYTEK).
Patch pipettes were pulled from borosilicate glass capillaries (GB150(F)-8P, Science Products) with a horizontal puller (P-87, Sutter Instruments). They had resistances of 3-6 M⍀ when filled with intracellular solution (Table 1 ) (liquid junction potential 16.7 mV) and were connected to an Axopatch-1D patch-clamp amplifier (Molecular Devices) or an EPC 10 patch-clamp amplifier (HEKA Elektronik). For recordings of NMDA receptor-mediated EPSCs (NMDA EPSCs), patch pipettes were filled with a cesium-based solution (Table 1 ) (liquid junction potential 4.8 mV). The liquid junction potentials were corrected online (recordings with EPC 10) or offline (recordings with Axopatch-1D). Sample frequency was 10 -20 kHz and cutoff frequency of low-pass filtering was 8.3-10 kHz. Series resistance was routinely compensated by 50 -90%.
To analyze passive membrane properties and spiking characteristics, recordings were performed in the current-clamp mode, and 200-ms- long rectangular current pulses were injected from Ϫ200 pA to 450 pA in 50 pA steps. Input resistance was determined as the slope of the currentvoltage relationships between Ϫ50 and 0 pA. To isolate potassium currents from voltage-activated sodium and calcium currents, experiments were performed in the presence of 0.5 M TTX (Ascent Scientific) and 50 M CdCl 2 (Fluka). To distinguish between low-and high-threshold potassium currents, 100 nM ␣ dendrototoxin (␣-DTX, Sigma-Aldrich) or 1 mM tetraethylammonium (TEA, AppliChem) were applied. To selectively block K V 1.1-mediated currents, DTX-K was applied (SigmaAldrich, 100 nM). Voltage step protocols (10 mV steps from Ϫ70 to ϩ20 mV, each lasting 400 ms) were used, and the ␣-DTX, DTX-K, or TEAsensitive currents were obtained by subtracting the current responses in the presence of the drug from those in control solution. Recordings were obtained with an Axopatch-1D and analyzed with ClampFit 8.2.0.235. To evoke EPSCs, a theta glass electrode (TST150 -6, WPI) with a diameter of 10 -20 m was filled with extracellular solution and placed lateral to the LSO. Electrical stimuli consisted of 100-s-long monopolar pulses shaped with a pulse generator (Master 8, A.M.P.I.) and applied through a stimulus isolator unit (A360, WPI). The current amplitude of the stimuli was set to twofold threshold to achieve stable synaptic responses. Inhibitory currents mediated via glycine and GABA A receptors were routinely blocked by application of 2 M strychnine (Fluka) and 10 M SR95531 (Sigma-Aldrich or Ascent Scientific). To distinguish between nonNMDA EPSCs and NMDA EPSCs, the holding potential (V H ) was set to Ϫ70 mV and ϩ40 mV, respectively (see legend to Fig. 11 for further details). Averages of 40 single traces were generated for further analysis. Recordings were obtained with an EPC10 and analyzed with FitMaster 2.20 (HEKA Elektronik) and MiniAnalysis 6.0.3 (Synaptosoft).
Electroporation and analysis of soma-dendritic morphology. Patch pipettes were filled with slightly modified intracellular solution containing 1 mM Alexa 568-conjugated hydrazine salt (3 kDa, Invitrogen). Electroporation and dye injection of visually identified LSO neurons in acutely prepared slices (see above for details) was done as follows: at ϳ1 m distance from the soma of LSO cells, one to five voltage pulses (20 V amplitude, 25 ms duration) were applied using the pulse generator and isolator (Iso-Flex, A.M.P.I.). Slices were fixed overnight in 4% PFA, rinsed three times in PBS and mounted. Optic stacks of filled neurons were created with an LSM 510 confocal microscope (Zeiss), equipped with a helium neon laser (568 nm) and an EC Plan-Neofluar 40ϫ/1.30 Oil DIC M27 objective (Zeiss). Images were subsequently analyzed with LSM Image Browser 4.2 (Zeiss). The freeware Neuromantic was used for reconstructions (www.reading.ac.uk/neuromantic). Neurons were classified into one of three groups: multipolar if primary dendrites arose from all sides of the soma, bipolar if primary dendrites arose from two opposite poles, and unipolar if primary dendrites emerged from only one pole. Sholl analysis was performed on whole stack projections. To do so, a ring was drawn around the cell soma, followed by concentric rings, each adding 10 m to the radius. For each ring, all dendritic intersections were counted. Ca 2ϩ imaging. Coronal slices of 250 m thickness were cut as described above. After incubation at 37°C for 1 h, slices were stained in ACSF containing 4 M Fura2-AM (Invitrogen) and 0.01% pluronic acid (Invitrogen) for 1 h in darkness. Imaging experiments were performed using an upright EX 50 WI Olympus microscope equipped with a 5ϫ and 40ϫ LUMPlanFI objective (Olympus), using excitation wavelengths of 340 and 380 nm, the excitation maximum for Ca 2ϩ -bound and unbound Fura2, respectively. Emissions fluorescence was measured with a CCD camera (U-TV0.5XC, Olympus) at a wavelength of 510 nm. Single somata of LSO neurons were selected as regions of interest and the ratio of the emissions (F 340 /F 380 ) was calculated. Slices were continually perfused with ACSF. To depolarize cells, 30 mM K ϩ was applied in substitute for Na ϩ . To block L-type Ca 2ϩ channels, 20 M nifedipine (Sigma-Aldrich) was added to the ACSF. At the end of each experiment, a 0 K ϩ solution (substituted by Na ϩ ) was applied. As only glia cells, but not neurons, react with a Ca 2ϩ influx in 0 K ϩ (Dallwig et al., 2000) , recordings from such cells were excluded from further analysis. Setup control and analysis were performed with TILLvisION v4.01 (Till Photonics GmbH).
Statistics. To assess for statistical significance (Winstat, R. Fitch Software), all data sets were checked for Gaussian distribution, and outliers (more than four times SD above/below the mean) were excluded. Unless noted otherwise, an unpaired, two-tailed StudentЈs t test was performed. In case of a non-Gaussian distribution, a U test was performed with same significance values as in the t test. Error bars in the diagrams illustrate the SEM. In some diagrams (see Fig. 2 E-G), dot plots of single values were added to the bars to illustrate their distribution.
Results
Malformed LSO in Ca V 1.3 ؊/؊ mice Ca v 1.3 Ϫ/Ϫ mice are congenitally deaf because the lack of the pore-forming ␣ 1D subunit results in an absence of calciuminduced glutamate exocytosis from the IHCs (Platzer et al., 2000) . This leads to the lack of cochlea-driven activity in the auditory nerve fibers and deprives the auditory brainstem nuclei of their peripheral input. Because maturation of auditory microcircuits is an activity-dependent process, we reasoned that Ca v 1.3 Ϫ/Ϫ mice might display an impaired development of auditory brainstem structures. In an initial screening experiment, we therefore used immunofluorescent histochemistry with antisera to the vesicular glutamate transporter VGlut1, a presynaptic marker for excitatory glutamatergic inputs, in the auditory brainstem of young adult (P30) mice (Blaesse et al., 2005) . Astonishingly, the LSO of Ca v 1.3 Ϫ/Ϫ mice showed a strikingly altered morphology compared with age-matched WT mice ( Fig. 1 A, B) . Its typical U shape, which is normally present in mice, was not evident, and its size appeared to be reduced in coronal sections.
To confirm that the malformations in the LSO did not merely reflect a changed distribution of VGlut1-positive synaptic terminals, we also applied antisera against other markers. When we immunolabeled the calcium-binding protein calbindin-D 28k , known to be abundant in the LSO and clearly outlining its shape (Friauf, 1993) , we again did not see the U shape and found a decreased size in P30 Ca v 1.3 Ϫ/Ϫ animals ( Fig. 1C,D) . The same phenotype was obvious with other markers that also clearly reveal the LSO contour, such as the microtubule-associated protein MAP2 and the glycine transporter GlyT2 (data not shown). This demonstrated that the LSO is indeed malformed in young adult Ca v 1.3 Ϫ/Ϫ mice. To pinpoint the time at which the malformation becomes manifested, we extended our immunohistochemistry experiments to P4. We found the same difference as at P30 between phenotypes with VGlut1 ( Fig. 1E,F ) and the other markers (data not shown). As hearing onset in mice reportedly occurs between P9 and P14 [C57BL/6J: Shnerson and Willott (1980) , Shnerson and Pujol (1982) ; other strains: Alford and Ruben (1963) , Mikaelian and Ruben (1965) , Hack (1968) , Ehret (1976) ], these results thus demonstrated that the malformations are not due to the lack of sounddriven activity, yet occur during prehearing life when auditory circuit formation and consolidation takes place (Boudreau and Tsuchitani, 1970; Kandler et al., 2009 ).
Reduced volume and neuron number of SOC nuclei in Ca V 1.3 ؊/؊ mice In contrast to the LSO, the other auditory brainstem nuclei, from the level of the cochlear nuclear complex (CN) to the inferior colliculus (IC), did not display striking changes in shape that could be easily discerned at a first glance 3, 4) . However, the medial nucleus of the trapezoid body (MNTB) and the superior paraolivary nucleus (SPN) appeared to be reduced in size as well ( Fig.  2 A, B) . To objectify this impression, we determined the volume of the LSO, MNTB, and SPN (from the individual areas in all coronal sections containing the SOC), determined the number of neurons by counting the number of nucleoli, and calculated the neuron densities from Nissl-stained sections (Fig. 2C,D) . Staining was obtained at P12, because the cytoarchitecture of the auditory brainstem nuclei is well established at this age and because we wanted to age-match with the animals that we analyzed in electrophysiological experiments. The volume of the three SOC nuclei analyzed was significantly lower in Ca v 1.3 Ϫ/Ϫ mice than in the WTs (Table 2 , Fig. 2 E) . The reduction was most prominent in the LSO (58%), followed by the MNTB and the SPN (41% and 29%, respectively). Ca v 1.3 Ϫ/Ϫ mice also displayed a significantly lower neuron number in the LSO (reduced by 33%), the MNTB (35%), and the SPN (19%) ( Table 2 , Fig. 2 F) . When we finally calculated the neuronal somata density, the LSO displayed a significant increase (62%) in the Ca v 1.3 Ϫ/Ϫ animals; no change occurred in the MNTB and the SPN (Table 2, Fig. 2G ). Together, these data imply structural changes in all SOC nuclei analyzed as a consequence of a loss of functional Ca v 1.3 channels, with the LSO being the nucleus that appears to be most heavily affected.
Reduced volume of CN, nuclei of the lateral lemniscus, and IC in Ca v 1.3 ؊/؊ mice As shown above, the structural alterations in the auditory brainstem of Ca v 1.3 Ϫ/Ϫ mice were not limited to the LSO, but present in other SOC nuclei as well. To assess whether they were restricted to the SOC, we next analyzed all auditory brainstem stations in the medulla and the midbrain, namely the CN, the nuclei of the lateral lemniscus (NLL), and the IC. From Nissl-stained coronal sections, we analyzed the cytoarchitecture and determined the volume of auditory brainstem nuclei. In both WT and Ca v 1.3 Ϫ/Ϫ animals, the CN could be subdivided into the classic three parts, the dorsal cochlear nucleus (DCN), the posterior ventral cochlear nucleus (PVCN), and the anterior ventral cochlear nucleus (AVCN); the cytoarchitecture in all three parts appeared to be indistinguishable between phenotypes (Fig. 3A-D) . However, quantification of the nuclear volume (through all sections containing the CN) revealed a significant decrease in all three CN subdivisions of Ca v 1.3 Ϫ/Ϫ mice, with the reduction ranging between 37% and 59% (Table 3 , Fig. 3E ). In accordance with the results obtained in the CN, no malformations were ob- (Fig. 4 A-D) , whereas decreases in volume were observed for both areas (NLL: 25%; IC: 32%) (Table 3, Fig.  4 E) .Together, volume changes were present at all levels of the auditory brainstem in Ca v 1.3 Ϫ/Ϫ mice.
Volume reduction in Ca v 1.3 ؊/؊ mice limited to auditory brainstem nuclei The reduction in volume of the auditory brainstem nuclei that we observed in Ca v 1.3 Ϫ/Ϫ animals could be specific and restricted to the auditory system or, alternatively, extend throughout the brainstem or even the whole brain. To address this issue, we measured the surfaces of the neocortex, the tectum, and the cerebellum in whole-brain preparations of perfusion-fixed P12 specimens (Fig. 5A) . In none of these three regions did we find a difference between WT and Ca v 1.3 Ϫ/Ϫ mice ( mice is significantly lower than in WT mice (Clark et al., 2003) , yet the reduction amounts to only 14% (cf. their Fig. 1 B) , which is considerably less than the volume loss seen throughout the auditory brainstem nuclei (35% in total, ranging from 25% in NLL to 59% in PVCN).
Reduced soma size of SOC and CN neurons in Ca v 1.3 ؊/؊ mice The volume decrease that we observed in several auditory brainstem nuclei (58% in the LSO) may result from the reduced number of neurons, a smaller soma-dendritic morphology of the neurons, or both. As the loss of 33% of LSO neurons did not strictly correlate with the 58% volume decrease, this implies that an additional factor, besides cell loss, contributes to the malformation and volume decrease. As the size of neuronal somata was shown to correlate positively with the extent and size of their soma-dendritic arbors (Ulfhake and Cullheim, 1981) , we determined the soma size by measuring the cross-sectional soma area of Nissl-stained and morphologically categorized neurons (at the level of the nucleolus) in six SOC and CN nuclei (Fig. 6 A) . In the SOC, principal cells of the MNTB and the SPN displayed a sig- nificantly lower size of their neuronal somata in Ca v 1.3 Ϫ/Ϫ mice (6% and 10%, respectively) (Table 2, Fig. 6 B) . No such effect was seen in spindle-shaped cells in the LSO. In the Ca v 1.3 Ϫ/Ϫ CN, giant cells in the DCN, octopus cells in the PVCN, and globular cells in the AVCN all displayed a significantly lower value than in the WT (13%, 14%, and 8%, respectively) (Table 3, Fig. 6C ). These results demonstrate that the loss of Ca v 1.3 does not only lead to loss of auditory brainstem neurons, but also to shrinkage of those neurons that remain. The LSO forms an exception in that it loses 1/3 of its neurons, yet the remaining ones display an unchanged soma size.
Minor changes in the soma-dendritic morphology of LSO neurons in Ca v 1.3
؊/؊ mice Because the malformation of the LSO in Ca v 1.3 Ϫ/Ϫ mice was so striking and more pronounced than in any other auditory nucleus, we focused our further analyses on the LSO and addressed the question of whether the LSO neurons that remain in Ca v 1.3 Ϫ/Ϫ mice display normal parameters. In a first step, we analyzed their soma-dendritic morphology. To do so, the fluorescent dye Alexa 568 was injected via electroporation into single LSO neurons in acute P12 Ϯ 1 brainstem slices. Filled LSO neurons could be categorized into multipolar, bipolar, and unipolar neurons both in WT and Ca v 1.3 Ϫ/Ϫ mice ( Fig. 7A-C) , demonstrating that all three neuron types were present despite the loss of Ca v 1.3. In fact, the proportion of the three neuron types was unchanged between WT and Ca v 1.3 Ϫ/Ϫ mice (Fig. 7H) . Likewise, a Sholl analysis of the three cell types revealed no difference between WT and Ca v 1.3 Ϫ/Ϫ mice, suggesting a similar complexity of the dendritic trees in the genotypes (Fig. 7D-F) . A difference in the extent of the soma-dendritic fields was not found in multipolar neurons between genotypes (Fig. 7G) For each genotype, three animals were analyzed with nuclei on both sides (n ϭ 5-6). The cross-sectional soma area was determined from 116 -132 cells in 23-25 sections. For each genotype, three animals were analyzed with nuclei on both sides (n ϭ 4 -6). The cross-sectional soma area was determined from 99 -146 cells in 13-22 sections. Five to six brains were analyzed for surface and brainstem.
in Ca v 1.3 Ϫ/Ϫ mice differed only slightly from that of WT mice.
Changes in action potential properties and current-voltage responses in Ca v 1.3
؊/؊ LSO neurons Whereas the number of LSO neurons was drastically reduced in Ca v 1.3 Ϫ/Ϫ mice (Fig. 2 F) , the soma-dendritic morphology displayed relatively normal properties in the remaining neurons (Fig. 7) . To further assess to what extent the remaining LSO neurons were affected, we analyzed their functional characteristics. To do so, we performed patch-clamp recordings in acute slices of P12 Ϯ 1 WT and Ca v 1.3 Ϫ/Ϫ mice and determined several passive and active biophysical properties. The resting membrane potential V rest did not differ between genotypes (WT, Ϫ 70 Ϯ 0.6 mV, n ϭ 105; Ca v 1.3 Ϫ/Ϫ , Ϫ 68.4 Ϯ 0.9 mV; n ϭ 101, p ϭ 0.13). Injection of depolarizing rectangular current pulses elicited one or multiple action potentials (APs) in both WT and Ca v 1.3 Ϫ/Ϫ mice. The kinetics of the first AP differed between genotypes (Fig.  8 A, B) . APs in Ca v 1.3 Ϫ/Ϫ neurons displayed a higher firing threshold (WT, 21 Ϯ 0.7 mV; n ϭ 103; Ca v 1.3 Ϫ/Ϫ , 26.3 Ϯ 0.9 mV; n ϭ 100; p ϭ 3.9E-06; 25% increase), a higher peak amplitude (WT, 94.3 Ϯ 1.8 mV; n ϭ 101; Ca v 1.3 Ϫ/Ϫ , 103.1 Ϯ 1.5 mV; n ϭ 99; p ϭ 0.0002; 9% increase), a greater difference between the maximal repolarization and V rest (⌬-to-V rest; WT, 5.2 Ϯ 0.9 mV; n ϭ 104; Ca v 1.3 Ϫ/Ϫ , 10 Ϯ 1.1 mV; n ϭ 100; p ϭ 0.0007; 92% increase), and a longer half width (WT, 0.86 Ϯ 0.03 ms; n ϭ 97; Ca v 1.3 Ϫ/Ϫ , 1.2 Ϯ 0.05 ms; n ϭ 98; p ϭ 1.5E-08; 40% increase). We also analyzed the afterhyperpolarization level by measuring the voltage deflection from the 0 mV level (Marcantoni et (Fig. 8C) .
From current injections (amplitudes Ϫ50 to Ϫ200 pA), we measured the amplitude of voltage changes and found that the response was stronger in Ca v 1.3 Ϫ/Ϫ neurons, concerning both the peak amplitude and the steady-state amplitude (data not shown). From the current-voltage relations, we calculated the input resistance and found significantly higher values in Ca v 1.3 Ϫ/Ϫ than in WT neurons (386 Ϯ 28 M⍀, n ϭ 101 vs 212 Ϯ 25 M⍀, n ϭ 105; p ϭ 4.1E-08; U test; 82% increase). These results demonstrate the alteration of several biophysical membrane properties of Ca v 1.3 Ϫ/Ϫ LSO neurons. Our findings of predominantly multiple AP firing patterns and increased input resistances in Ca v 1.3 Ϫ/Ϫ neurons are corroborated by a study in the rat LSO that described two neuronal types: those with multiple AP firing/high input resistance and those with single AP firing/ low input resistance (Barnes-Davies et al., 2004) .
Altered low-threshold potassium currents in Ca v 1.3
؊/؊ mice To a large extent, the AP waveform and the firing behavior of neurons are shaped by voltage-gated potassium currents (Trussell, 1999; Dodson et al., 2002; Rothman and Manis, 2003; Gittelman and Tempel, 2006) . To differentiate between various types of currents and to elucidate the molecular basis of our results depicted in Figure 8 A-C, we pharmacologically isolated lowthreshold (LTK) and high-threshold potassium (HTK) currents in LSO neurons and analyzed their transient and sustained component. In Ca v 1.3 Ϫ/Ϫ neurons, ␣-DTX-sensitive LTK currents were of smaller amplitude than in WT mice for both components. At a membrane potential of 0 mV, the decrease in the transient and the sustained component amounted to 33% and 68%, respectively (Fig. 8 D) . In contrast, TEA-sensitive HTK currents did not differ between the two groups (Fig. 8 E) . Our results thus imply that the loss of Ca v 1.3 appears to specifically reduce the LTK conductance. Because LTK currents rapidly activate at voltages of ϳ20 mV more positive than V rest (Coetzee et al., 1999) and mediate long-lasting potassium ion efflux during an AP (Dodson et al., 2002) , our finding of reduced LTK currents can explain the changes in AP kinetics that we found in Ca v 1.3 Ϫ/Ϫ LSO neurons, namely the higher peak amplitude, the longer half width, and the higher ⌬-to-V rest . Thus, it is likely that the changes in AP kinetics are secondary effects that result from the reduced LTK currents. To confirm that a reduced activity of ␣-DTXsensitive channels transforms the firing pattern of LSO neurons from single into multiple, we injected current pulses into WT neurons in the absence and presence of ␣-DTX. In all LSO neurons (n ϭ 10) that displayed a single AP firing pattern in the control situation, the behavior changed into a multiple pattern when 100 nM ␣-DTX was applied (Fig. 8 F) , supporting the conclusion that the reduction of LTK conductances is the basis for the observed changes of functional characteristics in Ca v 1.3
␣-DTX is most effective toward K v 1 channels possessing K v 1.1, K v 1.2, and K v 1.6 subunits (Coetzee et al., 1999; Wang et al., 1999) . It exhibits its highest affinity for K v 1.2, and only a minor blocking effect is exerted on K v 1.3 and K v 1.4 channels (Wang et al., 1999 
From top to bottom: LSO (spindle-shaped cells), MNTB (principal cells), SPN (principal cells), DCN (giant cells), PVCN (octopus cells), ACVN (globular cells). B,
In the SOC, the cross-section neuron area ("neuronal soma size") was lower in Ca v 1.3 Ϫ/Ϫ compared with WT mice in the MNTB and the SPN, yet not in the LSO. C, The cross section neuron area was also reduced in all three subdivisions of the CN. Scale bar: (all panels in A) 5 m. Numbers in bars depict number of analyzed neurons. Three animals were used for each genotype. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. these subunits are heavily present in neurons that fire temporally precise action potentials. Moreover, the single firing pattern of MNTB neurons is most likely mediated by heteromers of K v 1.1 and K v 1.2 (Dodson et al., 2002) . These findings prompted us to further distinguish between individual members of the K v 1 channel family. To assess whether K v 1.1-mediated currents are reduced in LSO neurons of Ca v 1.3 Ϫ/Ϫ mice, we applied DTX-K (100 nM), a potent and strictly selective blocker of K v channels containing the K v 1.1 subunit from the venomous mamba snake Dendroaspis polylepis (Robertson et al., 1996; Wang et al., 1999) . By doing so, we could verify the presence of functional K v 1.1 channels in the LSO, but the amount of DTX-K-induced current reduction did not differ between WT and Ca V 1.3 Ϫ/Ϫ mice (Fig.  9A) , indicating that the K v 1.1 subunit is not changed upon the lack of Ca v 1.3. Immunohistochemical detection of K v 1.1 corroborated this conclusion, as LSO neurons in both genotypes showed a signal of equal strength (Fig. 9 B, C) . In contrast, K v 1.2 immunoreactivity was present in WT mice, yet virtually absent in Ca v 1.3 Ϫ/Ϫ mice (Fig. 9 D, E) , implying that the K v 1.2 subunit is reduced upon loss of Ca v 1.3 channels and that its reduction is most likely the cause of most of the above-described alterations associated with potassium conductances.
Normal development of the nonNMDA component of excitatory inputs into the LSO in Ca v 1.3
؊/؊ mice In a subsequent series of experiments, we analyzed excitatory synaptic inputs at various ages (P3 Ϯ 1, P12 Ϯ 1, P19 Ϯ 1) to test whether their development was normal in the LSO neurons that remain in Ca v 1.3 Ϫ/Ϫ mice. We evoked glutamatergic EPSCs by stimulating the incoming axons in the ventral acoustic stria. The EPSCs were evoked in both phenotypes with similar success rates, showing that functional excitatory synapses are formed in the absence of Ca v 1.3. As the neurons were voltage-clamped to Ϫ70 mV, NMDA receptors were not activated and, therefore, nonNMDA EPSCs were evoked and analyzed in regard to amplitude, latency, and decay characteristics (Fig. 10) . In WT mice, their peak amplitudes increased significantly from P3 to P12, yet not any further between P12 and P19 (Table 4, Fig. 10 A, B) . This is in line with the increased AMPA-receptor-mediated input seen between P5-P12 in the mouse MNTB (Youssoufian et al., 2005) . In LSO neurons of Ca v 1.3 Ϫ/Ϫ mice, we observed the same pattern of maturation as in the WT animals; likewise, no difference in peak amplitude was found between genotypes (Table 4 , Fig. 10 A, B) . Paired-pulse protocols were performed to assess possible presynaptic differences (interstimulus intervals 10, 30, 50, 100 ms); again, no difference occurred between the two groups (data not shown). Together, these results show an unimpaired developmental increase of the nonNMDA EPSCs in Ca v 1.3 Ϫ/Ϫ LSO neurons. The onset latency of the nonNMDA EPSCs decreased with age in both WT mice and Ca v 1.3 Ϫ/Ϫ mice. Again, no differences were found between the genotypes (Table 4 , Fig. 10C,D) . The decay time constant of the nonNMDA EPSCs displayed no agedependent change between P3 and P19, neither in WT nor in Ca v 1.3 Ϫ/Ϫ mice. As for the amplitude and the latency, no difference was found for between the two genotypes, at any given age (Table 4 , Fig. 10 E, F ) . Also, no difference was found in the rise time of the EPSCs (data not shown).Together, these results are indicative of an unaffected development of the nonNMDA component in those LSO neurons that remain in Ca v 1.3 Ϫ/Ϫ mice, in contrast to previous results in the MNTB that demonstrated a much stronger increase in EPSC amplitude with age in Ca v 1.3 Ϫ/Ϫ mice (Erazo-Fischer et al., 2007) . ponent of excitatory transmission declines drastically with age in the auditory brainstem (Bellingham et al., 1998; Taschenberger and von Gersdorff, 2000; Youssoufian et al., 2005; Lu and Trussell, 2007) . For example, in the mouse MNTB, NMDA EPSCs increase until P11/12, after which they decline to very low or undetectable levels at P16 (Joshi and Wang, 2002) . We thus addressed the question of whether such a scenario is also present in LSO neurons and whether it is affected in Ca v 1.3 Ϫ/Ϫ LSO neurons. To isolate and analyze NMDA EPSCs, the recorded LSO neurons were clamped to ϩ40 mV, a voltage at which the voltagedependent Mg 2ϩ block of the NMDA receptors is removed (Kampa et al., 2004) . From the resulting responses, which comprised nonNMDA as well as NMDA EPSCs, the nonNMDA components were digitally subtracted (Fig. 11 A) . In WT neurons, the peak amplitude of the NMDA EPSCs displayed a postnatal developmental decrease (91% between P3 and P19), similar to the observations made in other brain regions. In contrast, the peak amplitude of Ca v 1.3 Ϫ/Ϫ LSO neurons did not change significantly between P3 and P12. However, a significant decrease was observed from P12 to P19 (87%). No differences were found between genotypes of the same age (Table 4 , Fig. 11 B, C) .
The decay time constant of NMDA EPSCs decreased with age in both WT mice and Ca v 1.3 Ϫ/Ϫ mice. At P12, NMDA EPSCs lasted longer in Ca v 1.3 Ϫ/Ϫ , but there were no differences at P3 and P19 (Table 4 , Fig. 11 D, E) . As the decay time of NMDA EPSCs is determined by the subtype composition of the receptors, with NR2A and NR2B subunits leading to long and short time constants, respectively (Dingledine et al., 1999; Cull-Candy et al., 2001) , our results allow to conclude that the NR2A-NR2B exchange takes place in a delayed manner in Ca v 1.3 Ϫ/Ϫ mice. Finally, the ratio of the NMDA EPSC peak amplitudes to the nonNMDA EPSC peak amplitudes was calculated. It decreased with age in both WT and Ca v 1.3 Ϫ/Ϫ mice. At P12, the ratio was higher in Ca v 1.3 Ϫ/Ϫ mice, with no differences at P3 and P19 (Table  4 , Fig. 11F,G) . In summary, in contrast to the nonNMDA component, the development of the NMDA component of excitatory inputs to the LSO was retarded in Ca v 1.3 Ϫ/Ϫ mice. Nevertheless, at P19, none of the three parameters tested was different any more. 
LSO neurons possess functional Ca v 1.3 channels
In a last series of experiments, we addressed the question whether functional calcium channels containing the Ca v 1.3 subunit are present in the LSO neurons themselves. An answer to this question is important because it would contribute to the identification of possible causes of the developmental malformation and neuron loss in the Ca v 1.3 Ϫ/Ϫ LSO. We performed Ca 2ϩ imaging of single LSO neurons in slices of P3 animals of both genotypes to assess differences in L-type Ca 2ϩ channel-mediated currents. Depolarization by high K ϩ lead to a Ca 2ϩ influx in both WT and Ca v 1.3 Ϫ/Ϫ mice (Fig. 12 A, B) . In the presence of the L-type Ca 2ϩ channel blocker nifedipine, the response decreased in both genotypes, yet the nifedipine-sensitive component was significantly smaller in Ca v 1.3 Ϫ/Ϫ (32 Ϯ 2.3%) compared with WT (42 Ϯ 1.5%; p ϭ 0.0002) (Fig. 11 D) . This difference can be assigned to the missing of the Ca v 1.3, showing its presence in WT LSO cells.
Discussion
Our study demonstrates three important findings upon loss of the pore-forming ␣ 1D subunit of Ca v 1.3 calcium channels. First, the LSO, a key nucleus in the auditory brainstem, is strikingly malformed, its volume is drastically reduced (by 58%), and its neuron number is greatly decreased (by 33%). Second, a volume reduction occurs in all auditory brainstem regions, albeit generally to a lesser degree than in the LSO. Third, the 1100 neurons that remain in the Ca v 1.3 Ϫ/Ϫ LSO display many normal features, both in terms of morphology and physiology. Moreover, two essential physiological features are strikingly altered in Ca v 1.3 Ϫ/Ϫ LSO neurons, namely the AP kinetics and the predominantly multiple AP firing pattern in response to current injection, whereas a single firing pattern predominates in WTs. The latter findings can be explained by a reduction of LTK conductances. The data show that the LSO comprises two populations of neurons: those (1/3) that are very vulnerable to missing Ca v 1.3 channel activity during early development and those (2/3) that are rather resistant and, to a large extent, display normal features, Ϫ/Ϫ animals (also in C, E). Calibration: 100 pA, 5 ms; stimulus artifacts were removed from these and all following recordings. B, The peak amplitude of the nonNMDA EPSCs increased from P3 to P12 in both WT and Ca v 1.3 Ϫ/Ϫ mice. No further increase occurred between P12 and P19 in both groups. Notably, there was no difference between WT and Ca v 1.3 Ϫ/Ϫ mice at all three age comparisons. C, Examples of nonNMDA EPSCs in LSO neurons, illustrating the age dependency of their onset latency. Calibration: 50 pA, 5 ms; arrowheads mark beginning of stimuli. D, The latency of the EPSCs decreased between P3 and P19 in both WT and Ca v 1.3 Ϫ/Ϫ mice. As with peak amplitude, there was no difference in latency between WT and Ca v 1.3 Ϫ/Ϫ mice at all three age comparisons. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. E, Examples of scaled nonNMDA EPSCs in LSO neurons, illustrating the age independency of their duration. Calibration, 5 ms. F, The decay time constant did not change between both P3-P12 and P12-P19. Likewise, there were no differences between WT and Ca v 1.3 Ϫ/Ϫ . Numbers in bars depict number of analyzed neurons. Gray horizontal bars depict statistical information regarding the WT group, the Ca v 1.3 Ϫ/Ϫ groups, and the WT vs Ca v 1.3 Ϫ/Ϫ group (black, red, and black/red, respectively).
with the exception of LTK currents and, as a consequence, the spiking behavior.
Possible causes of the impaired development
We observed several structural changes in the auditory brainstem centers upon Ca v 1.3 channel loss, with the most striking in the LSO and, interestingly, not observed in other peripheral deafness models. These changes are manifest clearly before hearing onset and may be the result of impaired neurogenesis and/or extensive apoptosis. Two causes may account for the changes. In the first place, the missing cochlea-driven activity, which results from the complete absence of Ca v 1-mediated currents in IHCs (Platzer et al., 2000; Brandt et al., 2003) , may deprive the auditory brainstem of indispensable synaptic input. The changes would thus be the result of peripheral deafness. However, as the structural defects become manifest long before hearing onset, the peripheral deafness would implicate a lack of input provided by spontaneous activity. Spontaneous activity in IHCs before hearing onset, involving firing of Ca 2ϩ APs and exocytosis, is well documented in rats (Glowatzki and Fuchs, 2002; Tritsch et al., 2007; and mice (Kros et al., 1998; Beutner and Moser, 2001) . As the IHCs are the primary sensory cells in the cochlea and as functional connectivity within the auditory brainstem is established prenatally (Friauf and Kandler, 1990; Friauf, 1993, 1995) , the spontaneous activity may be transmitted into subsequent auditory centers. In fact, rhythmic AP activity in immature auditory brainstem regions before hearing onset has been described in several species (Woolf and Ryan, 1985; Walsh and Mcgee, 1987; Gummer and Mark, 1994; Lippe, 1994; Kotak and Sanes, 1995; Moore et al., 1995) . Afferent synaptic activity is of uttermost importance for survival and maturation of central auditory neurons (Sanes and Takács, 1993; Koch and Sanes, 1998) . Therefore, it is plausible that the structural changes presented in this paper are primarily caused by the missing activity in IHCs and are thus down-stream effects of peripheral defects.
However, in the second place, it is also plausible that the structural changes occur in the Ca v 1.3 Ϫ/Ϫ auditory brainstem centers because vitally important Ca 2ϩ influx has ceased directly in the neurons within these centers. This scenario would thus reflect on-site effects and represent a form of central hearing disability. Ca 2ϩ influx into LSO neurons has been identified via calcium imaging and can be blocked by nifedipine (Kullmann et al., 2002; Kullmann and Kandler, 2008) , implying the presence of functional Ca v 1 channels in these cells. Survival of LSO neurons in organotypic slice cultures, in which the cells are deprived of peripheral input, requires the activity of Ca v 1 channels (Ehrlich et al., 1998; Lohmann et al., 1998) . Our Fura2-imaging data obtained in the presence of nifedipine in WT and Ca v 1.3 Ϫ/Ϫ LSO neurons point to the presence of functional Ca v 1.3 channels. Preliminary electrophysiological data indicate that a given LSO neuron possesses functional Ca v 1.3 as well as Ca v 1.2 channels (Tarabova et al., 2009 ). Therefore, on-site loss of calcium channels in Ca v 1.3 Ϫ/Ϫ LSO neurons themselves may be the central cause of the impaired development described here, rather than the peripheral defects. The two mechanisms are not mutually exclusive and may act together. At present, it remains open to what extent the absence of peripheral or central Ca v 1.3 channels contributes to the developmental impairments. This awaits differential analysis of mice with tissue-specific Ca v 1.3 deletion either in the cochlea or the brainstem. We hypothesize that the central loss has a considerable, although not exclusive impact, because other deafness-related gene mutations, which cause function loss in the cochlea, e.g., in dn/dn mice (Youssoufian et al., 2008) , otoferlin otof mice (Longo-Guess et al., 2007) , and prosaposin Ϫ/Ϫ mice (Akil et al., 2006) , appear not to result in obvious LSO malformations. biophysical and synaptic properties analyzed, seven differed between the two phenotypes. The major difference occurred in the reduction of ␣-DTX-sensitive LTK currents, presumably being mediated through K v 1.2 channels. Considering that such currents sculpture several of the changed biophysical properties, many of our observed changes likely reflect secondary effects. Our results thus indicate that the remaining 2/3 of LSO neurons may be quite invulnerable to the Ca v 1.3 loss. Indeed, the glutamatergic inputs develop normally but are retarded. Likewise, functional inhibitory glycinergic inputs are present in the knockouts (Hirtz and Friauf, unpublished observations). Therefore, Ca v 1.3 Ϫ/Ϫ LSO neurons appear to be structurally and functionally integrated into the brainstem circuitry. However, currents through ␣-DTX-sensitive potassium channels contribute to short EPSPs and high reliability and temporal fidelity of synaptic transmission (Brew and Forsythe, 1995; Kaczmarek et al., 2005) . They also determine the rate and timing of APs (Dodson et al., 2002) and thus preserve (and possibly enhance) phase-locking behavior. Therefore, the reduction of the ␣-DTX-sensitive currents in Ca v 1.3 Ϫ/Ϫ LSO neurons and the subsequent secondary effects are likely to make these cells unable to properly integrate synaptic signals. Inevitably, this will result in a functional impairment in the auditory brainstem and will, therefore, represent a form of central auditory processing disorders. Interestingly, LSO neurons of P13-P16 dn/dn mice display a mainly single firing behavior, whereas in WT, the ratio of single and multiple responders is approximately equal (Couchman et al., 2011) . As this contrasts with the multiple firing pattern in Ca v 1.3 Ϫ/Ϫ mice, it further supports the idea of an on-site role of Ca v 1.3 during auditory brainstem development.
The finding of altered firing behavior and a reduction of ␣-DTX-sensitive currents in Ca v 1.3 Ϫ/Ϫ LSO neurons is consistent with a role of Ca v 1.3 channels in the activity-dependent transcriptional regulation of potassium channels. Indeed, Ca v 1.3 loss results in reduced BK Ca conductances in cochlear hair cells (Nemzou et al., 2006 ) and chromaffin cells (Marcantoni et al., 2010) , further supporting the idea that Ca v 1.3 channel activity Ϫ/Ϫ mice. A, The NMDA EPSCs were isolated as follows: recordings obtained at V H ϭ Ϫ70 mV (black trace) were inverted and scaled (blue trace) to the first peak amplitude of the recordings obtained at V H ϭ ϩ40 mV (green trace); digital subtraction of the blue trace from the green one resulted in the NMDA component (purple trace). Calibration: 100 pA, 10 ms. B, Examples of NMDA EPSCs in LSO neurons, illustrating the age dependency of their amplitude in WT (black) and Ca v 1.3 Ϫ/Ϫ (red) animals. Calibrations: P3 and P12, 20 pA and 50 ms; P19, 5 pA and 50 ms. C, The peak amplitude of the NMDA EPSCs decreased with age in WT mice, both between P3-P12 and P12-P19. In contrast, there was no decrease from P3 to P12 in Ca v 1.3 Ϫ/Ϫ mice, yet a drastic decrease from P12 to P19. There was no difference between phenotypes at each age. D, Examples of scaled NMDA EPSCs, illustrating the age dependency of their duration. Calibration, 10 ms. E, The decay time constant decreased with age in both phenotypes. At P12, EPSCs lasted longer in Ca v 1.3 Ϫ/Ϫ animals. In some cases, NMDA responses were too small to analyze the decay time, explaining the lower numbers compared with C and G. F, Examples of nonNMDA and NMDA EPSCs, illustrating the ratio of the two components. For each age, two neurons are depicted (one WT and one Ca v 1.3 Ϫ/Ϫ ), whose responses were scaled such that the nonNMDA EPSCs had the same peak amplitude and the NMDA traces were aligned accordingly. Calibration, 10 ms. G, The NMDA/nonNMDA peak amplitude ratio decreased with age in both genotypes. Notably, the ratio was higher in P12 Ca v 1.3 Ϫ/Ϫ mice than in WT animals. See legend for Figure 10 for further information. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. leads to changes in gene expression and ultimately to long-term alterations in neuronal function. Nevertheless, there may also be a direct contribution of Ca v 1.3-mediated currents to the initiation of APs, as Ca v 1.3 channels open at subthreshold depolarizations that do not activate Ca v 1.2 channels (Lipscombe et al., 2004) . This may also explain the higher AP threshold in our Ca v 1.3 Ϫ/Ϫ LSO neurons and is consistent with a main contribution of Ca v 1.3 to the early phase of depolarization. Indeed, LSO neurons express a sufficient amount of functional Ca v 1.3 channels, as evidenced by our Fura2 measurements. A direct role of Ca v 1.3 in the generation of spontaneous AP activity has been demonstrated in the substantia nigra (Chan et al., 2007) , the sinoatrial node (Zhang et al., 2002) , and chromaffin cells (Marcantoni et al., 2010) .
Role of Ca v 1 channels in the brain
Within the Ca v 1 family of VGCCs, prominent expression in the brain has been demonstrated for Ca v 1.2 and Ca v 1.3, while only very low levels were found for Ca v 1.1 and Ca v 1.4 (Sukiasyan et al., 2009; Sinnegger-Brauns et al., 2009) . In contrast to the plethora of data accumulated from adult mice (for review, see, Striessnig et al., 2006; Striessnig and Koschak, 2008) , very little is known about a crucial role of Ca v 1.3 or Ca v 1.2 in brain development. A C-terminal fragment of Ca v 1.2 (CCAT) translocates to the nucleus and directly activates transcription; nuclear CCAT is low in the perinatal cortex and increases with age, whereas membranebound Ca v 1.2 channel immunoreactivity peaks at P8 and has declined by P21 (Gomez-Ospina et al., 2006) . Both findings imply a developmental role of Ca v 1.2. By demonstrating the crucial requirement of Ca v 1.3 in circuit formation in the central auditory system, the present study adds a new facet to the developmental roles of Ca v 1 channels in the brain and a new variant to the growing list of Ca v 1-related channelopathies (Liao and Soong, 2010; Striessnig et al., 2010) .
Conclusions
Our findings imply a requirement of Ca v 1.3 channels during brainstem development, which is of particular importance in the auditory system. A malformation of the LSO has not been described in other deafness models that lack spontaneous activity of cochlear origin. We argue that two factors contribute synergistically to the unique Ca v 1.3 Ϫ/Ϫ LSO phenotype, namely on-site loss of Ca v 1.3 channels in LSO neurons plus the lack of peripheral input. In line with this, we conclude that input from the cochlea and Ca 2ϩ influx via Ca v 1.3 channels are indispensable for normal LSO development. The relative importance of the two factors is elusive at present. Conditional knock-out mice in which the Ca v 1.3 gene is deleted either in the cochlea or in the brainstem will help to clarify this question. In humans, mutations of the Ca v 1.2 gene result in a gain of function (through a nearly complete loss of VGCC inactivation) and multisystem disorders (Splawski et al., 2004) . Ca v 1.3 gene mutations in humans have very recently been reported (Baig et al., 2011) ; as expected from the mouse model, they result in deafness and sinoatrial node malfunction. Based on our study, they should also affect circuit development in the auditory brainstem.
